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We explored the role of b-catenin in chicken skin morphogenesis. Initially b-catenin mRNA was expressed at homogeneous
evels in the epithelia over a skin appendage tract field which became transformed into a periodic pattern corresponding to
ndividual primordia. The importance of periodic patterning was shown in scaleless mutants, in which b-catenin was
initially expressed normally, but failed to make a punctuated pattern. To test b-catenin function, a truncated armadillo
fragment was expressed in developing chicken skin from the RCAS retrovirus. This produced a variety of phenotypic
changes during epithelial appendage morphogenesis. In apteric and scale-producing regions, new feather buds with
normal-appearing follicle sheaths, dermal papillae, and barb ridges were induced. In feather tracts, short, wide, and curled
feather buds with abnormal morphology and random orientation formed. Epidermal invaginations and placode-like
structures formed in the scale epidermis. PCNA staining and the distribution of molecular markers (SHH, NCAM,
Tenascin-C) were characteristic of feather buds. These results suggest that the b-catenin pathway is involved in modulating
pithelial morphogenesis and that increased b-catenin pathway activity can increase the activity of skin appendage
henotypes. Analogies between regulated and deregulated new growths are discussed. © 2000 Academic Press
Key Words: induction; feather; scale; skin appendages.have shown that sonic hedgehog (SHH;3 Ting-Berreth and
w
n
s
SINTRODUCTION
Skin appendages such as feathers are the result of
epithelial–mesenchymal interactions (reviewed in Chuong,
1998; Widelitz et al., 1997). Recombining epithelia and
mesenchyma from the same or different types of append-
ages showed that the locations of newly generated buds are
determined by the mesenchyme (Novel, 1973). At early
stages of skin morphogenesis, the entire epithelium can
respond to mesenchymal signals to become feather pla-
codes. These placodes are unstable structures, since out-of-
phase recombinations can lead to the disappearance of
existing placodes and the conversion of interplacode epithe-
lia to placode epithelia (Chuong et al., 1996). We and others
1 To whom correspondence regarding issues mainly related to
b-catenin should be addressed.
2 To whom correspondence regarding issues mainly related to
kin morphogenesis should be addressed.98Chuong, 1996; Morgan et al., 1998) and fibroblast growth
factor (FGF; Widelitz et al., 1996; Song et al., 1996) promote
feather formation, while bone morphogenetic proteins
(BMPs; Jung et al., 1998; Noramly and Morgan, 1998)
suppress feather formation. Using these data, we proposed
that the sum of activator activity and inhibitor activity
functions through mechanisms involving reaction diffusion
and lateral inhibition to form the periodic feather pattern
(Jung et al., 1998; Jiang et al., 1999). Notch and Delta also
may regulate periodic patterning using a similar mecha-
nism (Viallet et al., 1998; Crowe et al., 1998). While these
studies have improved our understanding of periodic pat-
terning, the molecular mechanism remains unknown.
Once the location of the skin appendages is specified, the
3 Abbreviations used: APC, adenomatous polyposis coli; Wnt,
ingless-int; FGF, fibroblast growth factor; BMP, bone morphoge-
etic protein; LEF-1, lymphoid enhancer factor-1; TcF-3, T-cell-
pecific transcription factor; Gsk-3, glycogen synthase kinase-3;
HH, Sonic hedgehog.0012-1606/00 $35.00
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99b-catenin in Epithelial Morphogenesisskin is organized in domains with regional characteristics.
In birds, these distinct domains form specific tracts and
apteric (areas without skin appendages) regions (Lucas and
Stettenheim, 1972). Generally the phenotypes are deter-
mined by the mesenchyme, for example, feather mesen-
chyme plus scale epithelium or a nonbiased extraembry-
onic membrane will produce feathers. These results
demonstrate that epithelial–mesenchymal interactions are
required for epithelial appendage construction. While the
“architectural blueprints” are stored mostly in mesenchy-
mal tissues, the epithelia must be able to respond appropri-
ately. Since a variety of epithelial appendages form at
different developmental stages, distinct information must
be stored in these tissues at different times. What are the
molecules specifying this information and how are they
regulated?
In this study, we explored the role of b-catenin, a homo-
logue to Drosophila armadillo, in specifying the location
and phenotype of skin appendages. b-Catenin is involved in
new growth and was identified as a tumor-causing agent in
colon cancer, melanoma, trichofolliculomas (Gat et al.,
1998; Korinek et al., 1997; Morin et al., 1997; Rubinfeld et
al., 1997), and other tissues. It is an intracellular molecule
that binds to cadherin (McCrea et al., 1991) and is involved
in cadherin-mediated adhesion. It also plays key roles in
regulating epithelial morphogenesis (Nagafuchi and Takei-
chi, 1988). L-CAM (chicken E cadherin) is expressed in
developing feather placodes. Inhibiting L-CAM activity
with Fab fragments blocked the segregation of feather
primordia (Chuong and Edelman, 1985; Gallin et al., 1986).
Loss of cadherin function leads to malignant transforma-
tion in a number of systems (Vermeulen et al., 1996).
Normally the tumor suppressor adenomatous polyposis
coli (APC), glycogen synthase kinase 3b (GSK-3b), and axin
orm a complex which targets b-catenin for degradation
through a ubiquitin-dependent pathway. Expression of
some Wnt genes antagonizes GSK-3b activity and increases
the free cellular levels of b-catenin (Kengaku et al., 1998;
Papkoff, 1997). Also the association of mutant forms of
APC or b-catenin effectively stabilizes b-catenin and leads
o tumorigenesis (Fearon and Vogelstein, 1990; Morin et al.,
997; Rubinfeld et al., 1997). If sufficient levels of b-catenin
accumulate within the cell, it translocates to the nucleus
and binds to LEF-1/TCF to activate transcription leading to
tumorigenic changes in growth control, apoptosis, and cell
migration (Behrens et al., 1996). The b-catenin–LEF/TCF
complex transcribes siamois (Brannon et al., 1997), twin
(Laurent et al., 1997), c-myc (He et al., 1998), and cyclin D1
(Tetsu and McCormick, 1999). Siamois and Twin are tran-
scription factors while c-Myc and cyclin D1 regulate cell
proliferation.
Recent work has implicated transcriptional activation
from b-catenin and LEF-1 in the growth control and mor-
phogenesis of hair development. Transgenic mice express-
ing a constitutively active form of b-catenin produce ec-
topic hairs with unregulated growth control (Gat et al.,Copyright © 2000 by Academic Press. All rightpromoter induced the growth of hairs from oral gum regions
(Zhou et al., 1995). Mice lacking LEF-1 expression did not
orm whiskers (Kratochwil et al., 1996) nor hairs (van
enderen et al., 1994). Similar mechanisms are at work in
he formation of chicken skin appendages. In the present
tudy we have characterized the distribution and levels of
b-catenin expression during the morphogenesis of different
skin tracts and tested its function using a b-catenin arma-
dillo fragment ectopically expressed from a retroviral vec-
tor. While this work was submitted and in revision, an
independent study showed that ectopic expression of
b-catenin can initiate feather bud development and produce
feathers with abnormal shapes (Noramly et al., 1999), but
id not report the effects on scales. These results comple-
ent one another.
MATERIALS AND METHODS
Chicken embryos. Pathogen-free chicken embryos were ob-
tained from SPAFAS (Preston, CT). Scaleless embryos were ob-
tained from the University of Connecticut (Storrs, CT). Embryos
were staged according to Hamburger and Hamilton (H&H; Ham-
burger and Hamilton, 1951).
Retrovirus transduction. The RCAS (replication-competent
avian sarcoma virus)–Xenopus–b-catenin armadillo fragment
(RCAS-armadillo) was kindly provided by Dr. Randy Johnson
(Capdevila et al., 1998). Viruses were prepared as previously de-
scribed (Ting-Berreth and Chuong, 1996) according to Morgan and
Fekete (1996). Briefly, chicken embryo fibroblasts were transfected
with RCAS-armadillo by calcium phosphate precipitation. Cells
were kept in the logarithmic phase of growth in DMEM containing
10% fetal bovine serum and 2% chicken serum. When cells
achieved 70% confluence, the culture medium was replaced with
fresh medium containing 5% fetal bovine serum and 1% chicken
serum. Viral containing medium was titered by staining for GAG,
retroviral polymerase, and for b-catenin expression. Injection into
hicken embryos was carried out as described in Noramly and
organ (1998). In this procedure, most of the infection occurs in,
lthough is not absolutely limited to, the epidermis.
In situ hybridization and immunohistochemistry. RNA was
etected by in situ hybridization following standard procedures on
hole-mount tissues (Noveen et al., 1995, 1996; Ting-Berreth and
huong, 1996). An 839-bp b-catenin fragment (1282–2121; Lu et
l., 1997) was labeled with digoxigenin and used as a probe. Positive
ignals were detected by immunostaining for the presence of
igoxigenin (Boehringer Mannheim, Indianapolis, IN). In situ
robes for shh were from Dr. Tabin (Ting-Berreth and Chuong,
996), retroviral reverse transcriptase from Dr. Niswander (Crowe
t al., 1998), LEF-1 from Dr. Grosschedl (Travis et al., 1991) and Dr.
levers (Gastrop et al., 1992), and Msx-1 from Dr. Upholt (Coelho
t al., 1992). The in situ probe for APC was generated by PCR.
For immunohistochemistry whole-mount immunostaining was
erformed as described (Jiang et al., 1998). Monoclonal antibodies
o the proliferative cell nuclear antigen (PCNA) were from DAKO
Denmark). Polyclonal antibody against a synthetic b-catenin
arboxy-terminal peptide (C2206) was from Sigma (St. Louis, MO).
n Western blot analysis, this antibody detected a single protein of
5 kDa from chicken skin extracts (data not shown). We have used
ntibodies to SHH, NCAM, and Tenascin-C extensively as already
escribed (Jiang and Chuong, 1992; Jung et al., 1998).s of reproduction in any form reserved.
Skin explant cultures. Feather explant cultures and growth
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100 Widelitz et al.factor-soaked beads were prepared as in Jung et al. (1998). FGF-4
and BMP-2 were from the Genetics Institute (Cambridge, MA).
FGF-4 beads were soaked in 5 ml of 0.85 mg/ml solution. BMP-2
eads were soaked in 5 ml of 1 mg/ml solution.
Scanning EM. Scanning electron microscopy was carried out
ith standard procedures by the EM core facility, Doheny Eye
nstitute, University of Southern California.
RESULTS
Expression of b-catenin in Different Avian
Skin Regions
We have previously described the isolation of a chicken
b-catenin homolog (Lu et al., 1997). The b-catenin se-
uence is highly conserved across species barriers. The
hicken b-catenin sequence shares 99% amino acid se-
uence identity and 85% nucleotide sequence identity with
he mouse and human sequences and 97% amino acid
dentity with the Xenopus sequence. Here we used the
hicken cDNA to generate in situ hybridization probes in
rder to explore its role during feather morphogenesis.
We examined the distribution of b-catenin transcripts in
developing skin using whole-mount and section in situ
hybridization (Figs. 1 and 2). Since feather development
progresses from the midline to the lateral edge, the spinal
tract of embryonic skin presents a profile of feather devel-
opment. Prior to feather formation (H&H stage 26),
b-catenin was first expressed at moderate levels as a con-
tinuous stripe extending from the caudal end of the spinal
tract along the midline (Fig. 1A). b-catenin expression
extended along the midline in a pattern which preceded, but
later matched, the morphologically detectable differentia-
tion of the earliest feather buds by H&H stage 29. In the
thoracic and cervical tracts, moderate b-catenin levels were
expressed along two primary rows (Fig. 1B). b-catenin
mRNA expression increased within the placodes of the few
forming feather buds and was reduced in the interbud
regions immediately surrounding those buds. The feather
bud boundary was initially blurred, but sharpened over
time. As the spinal tract expanded bilaterally, moderate
basal levels of b-catenin staining extended laterally beyond
he zone where feathers had formed. This expression pat-
ern was repeated across the feather field as lateral feather
ows were formed until the feather field was filled with
eather buds arranged in a periodic pattern (Figs. 1C–1E).
he dynamic in vivo changes of the b-catenin transcript
FIG. 1. In situ hybridization of b-catenin transcripts in whole-mou
for H&H stage 26 (A), 29 (B), 31 (C), 33 (D), and 36 (E) chicken em
nitiates at the posterior end and progresses toward the anterior end
xpression spreads into both of the adjacent lateral rows. The distr
G), and 37 (H). Note that the expression level in feathers is higher
he expression pattern in the scales, so the feather buds in F–H appe
mm.Copyright © 2000 by Academic Press. All rightb-catenin regulation occurs at the level of transcription.
This is in addition to the posttranscriptional regulatory
mechanisms previously reported and has been neglected in
prior reports.
In scale development, b-catenin was seen in both scutate
nd reticulate scale regions of the leg (Figs. 1F–1H). The
xpression levels of the b-catenin transcript in the scales
ere always much less than that observed in the feather
uds, as can best be appreciated in specimens in which scale
nd feather primoridia appear together (Figs. 1G and 1H). At
&H stage 35, b-catenin was first seen as a weak stripe
along the metatarsal skin (Fig. 1F). By stage 36, expression
in the scales intensified and the interscale region was
clearly free of b-catenin expression. The b-catenin expres-
ion pattern in scales was transient (Fig. 1G). At H&H stage
7, staining was dramatically decreased (Fig. 1H). This
ndicates that b-catenin transcripts also go through progres-
sively restrictive changes.
b-catenin detected by in situ hybridization was also
examined in tissue sections. At H&H stage 29, before the
feather placode became morphologically distinct, b-catenin
transcripts were expressed widely in the epithelium, with
stronger expression on the basal side of the putative placode
domain (Figs. 2A and 2A9). By H&H stage 31, expression
became more concentrated in the feather bud epithelium,
particularly in the distal region of the short feather buds
(Figs. 2B and 2B9, flanked by red arrowheads). In the foot,
b-catenin transcripts go through similar changes from a
continuous presence to a periodic expression pattern in
scale primordia. However, the presence in scale epidermis
is wider with only the hinge region of the scale lacking
b-catenin (Fig. 2C).
In feather or scale, at this stage b-catenin was seen only
in the epithelium and was absent in the mesenchyme.
Immunoreactivity for b-catenin in the chicken trunk was
eported to progress from a ubiquitous epithelial and mes-
nchymal expression pattern to enrichment within the
eather placode epithelia (Noramly et al., 1999), in parallel
ith our finding for the b-catenin transcripts. In addition,
b-catenin immunoreactivity translocated from the cyto-
plasm to the nucleus at the stage of feather bud induction
(Noramly et al., 1999).
In the feather follicle stage, b-catenin transcripts were
prevalent in the epithelium. Longitudinal and cross sec-
tions showed that b-catenin was more enriched in the barb
plate epithelium (Figs. 2D and 2E), particularly in the
hicken embryos. Dorsal view of whole-mount in situ hybridization
. In the spinal, humoral, and femoral tracts, b-catenin expression
stripe which segregates into individual feather buds. Subsequently
on of b-catenin mRNA in chicken scales at H&H stage 35 (F), 36
that in scales. The photographs in F–H are overexposed to reveal
uch stronger than feather buds in A–E. Size bars: A–E, 1 mm; F–G,nt c
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102 Widelitz et al.where feather b-keratin expression starts (O’Guin and Saw-
yer, 1982). Immunoreactivity of b-catenin in the follicles
as examined (Fig. 2F). Interestingly, in the proximal fol-
icle the pattern was along the cell membrane (Fig. 2F9),
ut in the distal feather filament the pattern was nuclear
Fig. 2F0).
Expression of LEF-1 and APC in Developing
Feather Buds
b-Catenin function is regulated by LEF-1, a transcrip-
tional enhancer factor. To see whether all the molecular
elements required for the regulation and function of
b-catenin were present in developing skin, we examined the
expression pattern of LEF-1 mRNA in avian skin by whole-
mount and section in situ hybridization (Figs. 2G and 2G9).
The spatial and temporal expression pattern was similar to
that of b-catenin (compare with Figs. 1B and 1D).
In other models, b-catenin stability was shown to be
egulated by interactions with APC. We also examined APC
xpression in chicken skin by in situ hybridization. Expres-
sion of APC transcripts was very weak in early skin
evelopment (not shown). Later around stage 35, the expres-
ion levels grew stronger, and the presence was mainly in
he epithelium, similar to that of b-catenin (Figs. 2H and
2H9, compare with Fig. 1E). These data suggest that the
molecular machinery required for b-catenin function in
ther described biological systems is present in developing
hicken skin.
Response of b-catenin Expression to Activators and
Inhibitors of Feather Morphogenesis
Here we observed that the moderate and homogeneous
b-catenin expression levels were converted into a periodi-
cally arranged pattern expressing elevated b-catenin levels
n primordia and reduced b-catenin levels in the interpri-
mordial space (Jiang et al., 1999). We have previously shown
that some signaling molecules activate or inhibit periodic
feather patterning (Jung et al., 1998). FGFs activate feather
bud formation (Widelitz et al., 1996), while BMPs inhibit
feather formation (Jung et al., 1998; Noramly and Morgan,
998). To examine where b-catenin lies in this developmen-
tal pathway, Affi-Gel blue beads were soaked in each
growth factor for 2 h at 37°C and placed on H&H stage 29
skin explant cultures (Fig. 3). As the growth factors were
slowly released from the beads, they formed a local gradient
(Hayamizu et al., 1991). Control beads had no effect on the
distribution of b-catenin. FGF-4-soaked beads produced or
retained a wider, yet more diffuse b-catenin staining pat-
ern around the bead. This low and yet homogeneous
xpression pattern was similar to the initial b-catenin
expression pattern, before it became progressively re-
stricted. BMP-2-soaked beads produced a zone of b-catenin
suppression around the bead. BMP-4 had a similar effect
(not shown). These results demonstrate that the basalCopyright © 2000 by Academic Press. All rightactivators and inhibitors of feather bud formation.
b-catenin Transcripts in Scaleless Embryos Fail
to Become Periodically Distributed
Since b-catenin is one of the earliest molecules expressed
n skin appendage formation, we wondered how it was
xpressed in scaleless avian mutant embryos. Scaleless
utants showed an absence of scales on the feet and some
erged abnormal feather growth in the midline and femoral
egions (Abbott and Asmundson, 1957). The primary defect
f scaleless lies in the ectoderm, since prior to E8, the
caleless mesenchyme can be recombined with normal
pithelium to form normal feather buds, but not vice versa
McAleese and Sawyer, 1981). These embryos fail to appro-
riately localize Tenascin (Shames et al., 1994) and Sonic
edgehog (Ting-Berreth and Chuong, 1996) and do not
ranscribe FGF-1 or FGF-2 (Song et al., 1996). The mutant
henotype can be partially rescued by FGFs (Song et al.,
996), which are considered to provide a permissive effect
or feather and scale formation in scaleless embryos (Viallet
t al., 1998).
Here we examined the distribution of b-catenin tran-
scripts in scaleless embryos (Fig. 4). At H&H stage 29,
prior to feather placode formation, b-catenin was ex-
ressed normally in the spinal, humeral, and femoral
ract fields of scaleless embryos (compare Figs. 4A and 4B
ith Fig. 1B). However, by H&H stage 31, when periodi-
ally arranged placodes with punctuated b-catenin stain-
ing started to form in normal embryos (Fig. 1C), b-catenin
remained as smears over the tract fields in the scaleless
embryos (Figs. 4C and 4D). A few placodes formed in the
posterior femoral tract of scaleless skin which were
positive for b-catenin. This shows that the initial tract
expression pattern of b-catenin mRNA is upstream and
independent of scaleless gene activity. However, the
progression to periodic b-catenin patterning requires the
involvement of the scaleless gene product and/or other
activators/inhibitors.
Other genes which appear directly in the formed primor-
dia appear later in the feather-forming cascade and are
downstream of scaleless gene activity. These include shh
(Ting-Berreth and Chuong, 1996), Msx-1, Msx-2, etc. Here
we show the expression of Msx-1 in scaleless embryo skin
as an example. Msx-1 is known to be expressed later than
shh in feather development (Noveen et al., 1995; Chuong et
al., 1996). It was absent at stage 29 (Figs. 4E and 4F), similar
to normal embryos (not shown). In control embryos, Msx-1
began to be expressed in the placode epithelia from stage 31
(not shown here, but can be seen in Noveen et al., 1995), but
xpression was absent in the scaleless skin (Figs. 4G and
H). These results show that the temporal order of expres-
ion among these three molecules is b-catenin, scaleless,
and then Msx-1. It also suggests that activators, perhaps
involving FGF members and scaleless, are required to
convert b-catenin transcript expression from a smear to a
eriodic pattern.s of reproduction in any form reserved.
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103b-catenin in Epithelial MorphogenesisFIG. 2. Expression of b-catenin and related molecules in different developmental stages of skin appendages. (A–F0) Expression of
b-catenin transcript and protein. Sagittal sections of the posterior trunk of H&H stage 29 (A, A9) and stage 31 (B, B9) embryos and the
eg region of H&H stage 43 embryos (C). At these stages, b-catenin was expressed in the epithelium of feathers and scales (flanked by
red arrows). At H&H stage 37, cross (D) and longitudinal sections (E) showed b-catenin expression in the barb plate epithelium (bp),
with stronger expression in the outer barb ridges. Some barb ridges are outlined in red. Immunostaining (F–F0) showed b-catenin
mmunoreactivity in the barb plate epithelium (F). The staining was associated with the membrane in the proximal follicle (F9), but
howed a nuclear staining pattern in the distal feather filament region (F0). Immunostaining in the earlier feather bud stages was
imilar to that of Noramly et al. (1999) and not shown here. (G–H9) Expression of LEF-1 and APC mRNA in developing chicken skin.
he distribution of LEF-1 mRNA at H&H stage 33 examined in whole mount (G) and sections (G9) showed that the pattern was
enriched in the feather primordial region particularly in the epithelium. The APC mRNA had a similar expression pattern but was
low during early developmental stages (not shown). Staining became stronger at H&H stage 35 (whole mount, H; section, H9).
Enlargements of whole-mount feather primordia are shown in the insets. Size bars: A, B, and C, 75 mm; A9 and B9, 25 mm; D, 100 mm;
E and F, 200 mm; F9 and F0, 100 mm; G and H, 1.6 mm; G9 and H9, 100 mm.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightRCAS-Mediated Misexpression of a Mutated b-
Catenin in Feather Tracts Causes the Formation
of Feather Buds That Are Abnormal
in Shape and Size
To test the roles of b-catenin in skin appendage morpho-
enesis, we misexpressed a truncated, stabilized form of
b-catenin in different regions of developing chicken skin
using the RCAS retroviral vector. The amino-terminal
domain of b-catenin is required for a-catenin binding and
for phosphorylation which targets b-catenin for ubiquitin-
ependent degradation. Removal of this domain prevents
b-catenin from functioning as an adhesion molecule and
increases its half-life (Funayama et al., 1995; Orsulic and
Peifer, 1996). The carboxy-terminal fragment contains a
transcriptional transactivation domain (van de Wetering et
al., 1997). The b-catenin we used in this study consisted of
the internal armadillo fragment lacking the amino- and
carboxy-terminal domains (Capdevila et al., 1998). While
his stabilized form cannot itself activate transcription, it
as been shown to free endogenous b-catenin which can
hen perform this function in Xenopus (Miller and Moon,
997).
When the armadillo fragment of b-catenin was misex-
pressed, it was observed in the apteric region between the
spinal and the femoral tracts where a few small new feather
buds positive for SHH were induced (Fig. 5A). These data
are consistent with those reported by Noramly et al. (1999).
When a stabilized b-catenin armadillo fragment was
isexpressed in the heads and trunks of transduced birds,
bnormal feather buds formed in patches (Fig. 5B). Many
eathers became enlarged or curled in the distal end, were
horter and wider than control feathers, and did not main-
ain the normal slender and elongated shape. These feathers
lso were randomly oriented. Retroviral transduction, con-
rmed by in situ hybridization to the retroviral polymerase
n whole-mount samples, demonstrated that skin was
ransduced in patches (Fig. 5B9, see arrows). Sections were
lso examined for viral infection using antibodies to the
etroviral GAG protein (Fig. 5B9, see insets). Feather histol-
gy was shown by H&E staining (Figs. 5C and 5C9). Sections
howed that feather filaments still formed some barb ridges,
ut the diameter of the filament and the size of the follicles
ere increased enormously (two to three times) compared
o controls.
We next examined the molecular expression patterns in
ontrol and RCAS-b-catenin-transduced skin sections. We
sed antibodies recognizing both endogenous and exog-
nous b-catenin to detect b-catenin. In control skin,
b-catenin levels were high only in the feather follicular
epithelia and not in the interbud epithelia. In transduced
skin, much wider epithelial regions expressed b-catenin and
all those positive for b-catenin became part of the expanded
ctopic feather buds (Figs. 5D and 5D9).
PCNA is a marker for cell proliferation. Normal feathers
ave elevated PCNA levels compared to the interbud do-
ains (Fig. 5E). PCNA was induced over the expanded
ctopic feather regions (Fig. 5E9). An enlargement of theseFIG. 3. Effects of FGF and BMP on b-catenin expression in skin
xplant cultures. Affi-Gel blue beads coated with FGF-4 and BMP-2
ere placed on stage 29 skin explants, which were cultured for 24 h
nd then examined for altered expression of endogenous b-catenin
mRNA. Control beads had no effect on b-catenin expression (top).
GF-4, a known inducer of feather buds, induced a local expression
f b-catenin under the bead (middle), while BMP-2, a known
inhibitor of feather bud formation, inhibited b-catenin expression
in regions immediately adjacent to the bead (bottom). The original
location of the bead is marked by an asterisk. Size bar, 250 mm.s of reproduction in any form reserved.
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105b-catenin in Epithelial MorphogenesisFIG. 4. Abnormal distribution of b-catenin mRNA in scaleless embryos. Top (A, C, E, G) and lateral (B, D, F, H) views of scaleless
embryos. (A and B) At H&H stage 29 of the pattern of b-catenin mRNA expression was almost indistinguishable in scaleless mutants and
ontrol embryos (compare with Fig. 1B). By H&H stage 31 (C and D) b-catenin mRNA expression became progressively restricted into
ndividual primordia in control embryos (Fig. 1C). However, b-catenin in scaleless feather tracts did not progress and remained as “linear
mears” (C). It appears that factors that restrict the b-catenin expression from a homogeneous smear into periodic patterns do not operate
normally in scaleless embryos. On the other hand, genes that are downstream of the scaleless gene product did not get expressed andCopyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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106 Widelitz et al.control feathers and in various regions of the induced
follicles (Figs. 5F and 5F9). Chicken cadherin (L-CAM) was
expressed in the feather collar and filament epithelia
(Chuong and Edelman, 1985). It was expressed in a similar
fashion in control and ectopic feathers (Figs. 5G and 5G9).
e then examined Tenascin-C, which was normally ex-
ressed in the mesenchyme surrounding the dermal papilla
nd in a region between the marginal plate and the feather
ulp (Jiang and Chuong, 1992). It was expressed in the
ctopic feathers in a pattern similar to that of control
eathers, although at elevated levels and in a wider area
Figs. 5H and 5H9).
These studies show that the abnormally large feather
uds induced in feather tracts expressed feather-related
olecules in a wider and enhanced fashion. While the
hapes are abnormal, the basic organization of the feather
tructures was present.
Ectopic Expression of a b-Catenin Armadillo
Fragment Induces New Feather Growth
from Part of the Scale Epidermis
We also analyzed the effects of RCAS-b-catenin transduc-
ion in the limb bud. Virus-containing medium was in-
ected into the hindlimb bud of H&H stage 20 chicken
mbryos. Embryos were harvested at E9 and E12 for analy-
es. Retroviral transduction was verified by in situ hybrid-
zation using the retroviral reverse transcriptase as a probe
nd by immunostaining with anti-GAG antibodies (Fig.
B9). Expression of b-catenin above a threshold level caused
a number of anomalous feather phenotypes, including the
outgrowth of feathers from the scale epidermis. This can be
seen from both the reticulate scale (foot pad region) and the
scutate scale (dorsal part of the metatarsal region). The
phenotypes varied in severity resulting in small (Fig. 6A9,
see inset and small arrows in Figs. 6A0 and 6A-) to large (Fig.
6A0, large white arrows) feather buds growing from the
reticulate scale. The outgrowths were not remnants of
interdigital soft tissue since sections showed that they
expressed nearly normal feather characteristics and feather
molecular markers (Fig. 7, 8).
In scutate scale, elongated new growths were induced
from different regions. We have observed a gradient of mild
to more severe phenotypes across the affected regions (Fig.
6B9, between open arrows). We also observed short and long
feather-like appendages from different parts of scutate
scales (Figs. 6B0, and 6B-). Scanning EM showed the distinct
difference in scale and feather morphology (Fig. 6B-). In
addition to gross morphology, we used histological sections
remained negative in scaleless embryos. For example, Msx-1 was n
F). Msx-1 was localized in the feather buds of normal H&H stage 3
Msx-1 negative at H&H stage 31 (G and H). The shading in G is an
Size bar, 1 mm.Copyright © 2000 by Academic Press. All rightfeather characteristics.
Hematoxylin and eosin (H&E) staining of sections re-
vealed histological changes of the scale epidermis and
feather morphology. In RCAS-transduced control skin,
there is a flat basement membrane underneath the normal
scale epidermis (Fig. 7A). In the b-catenin-transduced epi-
dermis, many invaginations and follicle-like protrusions
extended into the dermis (Figs. 7B and 7C). Despite the
dramatic morphogenetic changes with invaginations and
evaginations, the basement membrane remained intact.
The stratified epithelial organization remained intact and
the basal layer was continuous. The invaginations were
similar to that of early placode formation or activation in
new growth. They were also similar to those found in the
skin of transgenic mice expressing an activated form of
b-catenin (Gat et al., 1998). Many of the induced ectopic
feather buds were normal (Figs. 7E and 7F), while some
showed abnormal morphology (Fig. 7D). The normal ones
had nicely formed follicles (Fig. 7F), with regularly spaced
barb ridges in longitudinal sections (Fig. 7E) or cross sec-
tions (Figs. 7F and 8A), which are morphological landmarks
of feather-type skin appendages. Abnormal feathers con-
sisted of epidermal shells and mesenchymal cores with
irregularly spaced barb ridges (Fig. 7D).
Ectopic feather buds can be induced either from the distal
edge or the dorsal surface of the scale epidermis. The
induced feathers from the scale regions were close to
normal in size and shape. However, the orientations were
not normal. The induced feathers pointed in either the
same or the opposite direction (Figs. 7E and 7F). Together
with the random abnormal feather orientation in feather
tracts (Fig. 5B) and those observed by Noramly et al. (1999),
b-catenin overexpression probably perturbs the normal ori-
entation mechanism located within the epithelium
(Chuong et al., 1996).
Cell proliferation was assessed using PCNA staining.
CNA staining in the induced feathers resembled that
ound in control feathers. Cell proliferation was widely
ispersed over the epidermis. Higher proliferation was seen
n the basal layer, particularly enhanced in the epidermal
nvaginations flanking the feather and in the feather fol-
icles around the collar region (Figs. 7G and 7H).
In addition to using morphological criteria, the identity of
he feather structures was confirmed by comparing the
olecular expression of several genes by immunocyto-
hemistry (Fig. 8A). SHH was expressed in the distal regions
nd marginal plate epithelium of feathers (Ting-Berreth and
huong, 1996) and in corresponding regions of the struc-
ures growing out of b-catenin-transduced scales. It was
ive at H&H stage 29 in both normal and scaleless embryos (E and
bryos (Noveen et al., 1997). However, scaleless mutants remained
act produced by uneven lighting due to the contour of the embryo.egat
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107b-catenin in Epithelial Morphogenesisonly weakly expressed in the epithelium of normal scales.
NCAM was expressed in the dermal papillae and marginal
plates of normal feathers (Chuong and Edelman, 1985) as
well as in the induced new growth from scale regions. In
normal scale, NCAM was weakly expressed in scale mes-
enchyme (Shames et al., 1991). Tenascin-C is expressed in
FIG. 5. Exogenous expression of a b-catenin armadillo fragment in
regions. (A and A9) In the apteric regions between the spinal an
hybridization, were absent in control embryos (A), but present in RC
of the head and trunk, transduced skin produced enlarged and miss
found to make tight curls rather than extending as normal feathe
hybridization to retroviral polymerase showed that transduction oc
shows that the retroviral GAG protein was absent from control (le
shows the histology of control and transduced tissue sections. Th
diameter), with enlarged pulp cavities and some assembled but not w
barb ridges. (D–H9) Molecular expression of control and RCAS-b-cat
f normal feather-related marker genes and demonstrated the orga
b-catenin expression was enhanced in feather buds but not in int
xpanded in all the epithelia of the ectopic enlarged feather buds. (E
n feather regions than in interbud regions. Within the control feath
pithelium. In transduced skin, the proliferating region was expand
xpression was positive in both feather and interfeather bud epithe
nd H9) Tenascin was expressed restrictively in the mesenchyme su
lament (Jiang and Chuong, 1992). In transduced skin, Tenascin st
ars: A, A9, and B, 0.8 mm; B9, 1.5 mm; C, 200 mm; C9–H9, 500 mmCopyright © 2000 by Academic Press. All rightthe mesenchyme at the anterior regions of feathers (Jiang
and Chuong, 1992). In ectopically induced feathers, it was
strongly and restrictively expressed in the mesenchyme
delineating the feather follicle. It is expressed in the ante-
rior mesenchyme at the epithelial–mesenchymal border in
scales (Shames et al., 1994). The expression pattern of these
s normal and abnormal shapes of feather buds from head and trunk
femoral tracts, shh-positive feather buds, visualized by in situ
b-catenin-transduced embryos (A9). (B) In feather-producing regions
n feather buds (red arrow). The short and enlarged buds were often
s do. (B9) Verification of viral transduction. Whole-mount in situ
ed in patches (red arrowheads). Immunostaining on tissue sections
t positive in transduced (right) sections. (C and C9) H&E staining
opic feather buds were larger than controls (two to three times in
organized dermal papillae. Part of the feather filaments still formed
-transduced skin sections. The results showed expanded expression
tion of the abnormal feather follicles. (D and D9) In control skin,
regions. In b-catenin-transduced skin, b-catenin expression was
F, and F9) PCNA staining showed that cell proliferation was higher
CNA was enhanced in the feather collar region and on the surface
l over the enlarged follicles. (G and G9) LCAM (chicken E cadherin)
he expression was similar in RCAS-b-catenin-transduced skin. (H
nding the follicle, dermal papillae, and some regions of the feather
g marked the presence of dermal papillae and follicle sheaths. Sizeduce
d the
AS-
hape
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108 Widelitz et al.molecules in RCAS-b-catenin-transduced leg buds re-
sembles that of feathers. Hence, molecular characteriza-
tions support the morphological criteria and suggest that
the growths are feathers.
To track the initial stage of these ectopic skin append-
ages, we then examined the timing of ectopic bud forma-
FIG. 6. Exogenous expression of a b-catenin armadillo fragment i
B) Normal reticulate (A, large black arrow) and scutate (B, curved
RCAS-b-catenin was injected into the hindlimb bud at H&H stage
Ectopic expression of b-catenin induced new feather bud growth fro
aried in severity from moderate (A9 and B9) to severe (A0, A-, B0, a
reticulate scale regions. Insets show an enlargement. Some feather
A-, small white arrows). Sections and staining show that they exp
(B9–B) Elongated feather buds grew from the scutate scales. In the m
an exemplary region shown between open arrows), also implying
more feathers (up to six per scutate scale) toward the proximal end
scutate scales are outlined (black line) for clarity. In a more se
conjunction with short feather buds (short black arrows). Some fe
sections). In B-, scanning EM showed a slender elongated feather
arrowhead). Size bars: A–B9, 0.5 mm; A0, 1 mm; A- and B0, 0.15 mCopyright © 2000 by Academic Press. All rightion. This was traced by in situ hybridization to a shh probe.
hh normally appears in the center of feather primordia
Ting-Berreth and Chuong, 1996). shh was detected in the
ewly formed feather buds on the scale-forming regions as
round dot at both E9 and E12 (Fig. 8B). In scale, this would
ave been a broad band, and nonspecific interdigital soft
es feather buds from scutate and reticulate scale epithelia. (A and
te arrow) scales in feet from control embryonic day 12 embryos.
nd embryos were harvested at embryonic day 12 (H&H stage 38).
les as shown in the following examples. These phenotypic changes
-). (A9–A-) Elongated feather buds grew from the intermediate and
grew big (A0, large white arrows) while some were small (A0, and
d mostly normal feather morphology and markers (Figs. 7 and 8).
y affected cases, there were patches with a gradient of severity (B9,
ent developmental stages of these abnormal feathers. There were
the distal end (one per scale and then none). Some of the feathered
case (B0), long feather filaments formed (long black arrows), in
buds showed barb ridge formation (arrowhead, also see Fig. 7 for
(white arrow) protruding out from the bumpy scutate scales (red
-, 125 mm.nduc
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109b-catenin in Epithelial MorphogenesisFIG. 7. Histological characterization of ectopic feathers growing from scale epithelia and PCNA staining. H&E staining of sections from
control (A) and transduced tissues (B–F) shows examples of the observed phenotypes produced by increased b-catenin expression. The
epidermis (E) and dermis (D) are indicated. Feather buds in E and F were essentially normal and indistinguishable from normal feathers. The
induced feathers could point either distally (E) or proximally (F). Some nicely formed proximal feather follicles (open arrows), longitudinal
(big arrows) and cross (arrowheads) sections of feather filaments, and early staged placode-like invaginations (small arrows) can be seen. (G)
PCNA staining showed the presence of cell proliferation in the scale epidermis, which was particularly intense in the invaginated areas
flanking the ectopic feathers (arrows). (H) Enlargement of an ectopic feather follicle growing in a scale-producing region stained for PCNA.
PCNA staining is intense in the follicle, most probably in the collar region. Size bar: A and C–G, 0.1 mm; B and H, 0.05 mm.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
tissue would not have this organized staining pattern. At
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Copyright © 2000 by Academic Press. All rightE9, shh-positive feather buds were detected in the leg and at
E12, more ectopic feathers were observed (Fig. 8B). These
studies demonstrate that scale-producing epithelia trans-
duced with RCAS-b-catenin developed ectopic feathers in a
ashion similar to the development of normal feather buds.
n addition, judging from the spectrum of different develop-
ental stages of ectopic feather buds (Figs. 6 and 7), the
eather buds seem to be activated over a period of time.
DISCUSSION
The Unexpected Dynamic Expression of b-catenin
RNA during Feather Morphogenesis in Vivo
uggests the Importance of a Transcriptional
egulatory Mechanism for b-Catenin
in Skin Morphogenesis
b-catenin is an early marker of skin appendage morpho-
genesis and its appearance precedes the physical appearance
of feather and scale placodes. LEF-1 and APC were coex-
ressed with b-catenin in the skin (Figs. 2G–2H9), as has
een found in other developmental systems. b-catenin is
initially expressed at the caudal end of the spinal feather
tract prior to feather formation at stage 26. It was first
diffusely expressed, but sharpened and intensified as the
epithelial placode formed. A similarly restrictive expression
pattern was observed during the formation of individual
scale buds in the leg. Hence, restrictive b-catenin expres-
sion from a uniform distribution in the whole tract to a
periodic pattern is conserved during the formation of differ-
ent skin appendages. The dynamic RNA expression pattern
suggests that b-catenin protein expression is regulated by
transcription in addition to the widely described posttran-
scriptional mechanisms.
The importance of b-catenin in feather bud morphogen-
sis is highlighted by the failure of this process in the skin
f the scaleless mutant (Fig. 4). In scaleless embryos,
b-catenin expression started normally but remained as a
mear (Fig. 4) and the periodic pattern formation did not
roceed normally. A second factor appearing at or after the
caleless defect is required for its proper distribution. FGFs
an rescue the scaleless phenotype (Song et al., 1996; Viallet
t al., 1998) and can induce b-catenin expression (Fig. 3).
Similarly, a failure to restrict the expression of Delta-1 was
found in scaleless embryos which could be rescued by the
application of FGF-2 (Viallet et al., 1998). Later, the
b-catenin smear in scaleless skin also disappeared (not
shown) and the ability to respond to FGFs was lost. Using
FGF- and BMP-coated beads, we showed that b-catenin
mRNA levels increased in response to FGF, an activator of
feather morphogenesis, and decreased in response to BMP,
an inhibitor of feather morphogenesis (Fig. 3); thus these
molecules may mediate the periodic patterning process
with a mechanism involving reaction diffusion (Jung et al.,
1998; Jiang et al., 1999). The above results suggest that a
critical threshold of b-catenin expression may be involved
in determining skin appendage morphogenesis in differentFIG. 8. Altered molecular expression caused by mutated
b-catenin. (A) Expression of skin appendage-related molecules in
b-catenin-induced feathers. Control (left column) and RCAS-b-
catenin-transduced legs (right column) were sectioned and immu-
nostained for SHH, NCAM, and Tenascin-C, molecules known to
be expressed with distinct patterns in normal feather buds (Jiang
and Chuong, 1992). Here we showed that the expression of these
markers in the induced new growth closely paralleled their normal
expression patterns in feathers. (B) SHH is expressed with a
distribution characteristic of feather primordia in early stages of
induction. (A) shh-positive feather buds were induced in scale
epidermis in response to activation of the b-catenin pathway by
exogenous expression of a b-catenin armadillo fragment. H&H
tage 35 (E9) and 38 (E12) RCAS-b-catenin-transduced chicken legs
were stained by in situ hybridization for the presence of shh
mRNA. Left column: Low-power view. Right column: High-power
view. At H&H 35, shh was observed on the dorsal side of RCAS-
b-catenin-transduced leg buds as a small round dot, characteristic
of feather buds, not scale (Ting-Berreeth and Chuong, 1996). At
H&H stage 38, shh-positive staining became bigger and stronger
compared with the normal feather buds at the left side. Size bars: A,
75 mm; B, RCAS controls E9, 1.5 mm; E12, 1 mm; RCAS-b-catenin
E9 and E12, 2.5 mm.s of reproduction in any form reserved.
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The majority of our expression data are based on in situ
ybridization studies which showed a highly dynamic regu-
ation of b-catenin transcript expression not noted before.
Immunostaining of avian skin sections was recently re-
ported and showed a similar progression from a homoge-
neous pattern to enrichment within the feather bud regions,
accompanied by a switch from cytoplasmic and membrane-
associated localization to nuclear localization (Noramly et
al., 1999). We also detected b-catenin in feather follicles,
nd most interestingly, the b-catenin immunoreactivity
as localized along the plasma membrane but switched to
he nucleus in more mature barb ridges (Fig. 2D). This
uggests the involvement of b-catenin in later stages, per-
aps in the keratinization of barb ridges since the presence
f b-catenin/LEF-1 binding sites was found in several kera-
in genes (Zhou et al., 1995). Recent work using LEF/TCF-
dependent TOPGAL transgenic mice further illustrates the
complex regulation of the b-catenin/LEF pathway in skin
development. The comparative distribution of LEF-1 tran-
script, protein, and activity in the hair follicles is different
due to the multiple positive and negative regulators, and
TcF-3 may be involved in stages earlier than LEF-1 (Das-
Gupta and Fuchs, 1999). Consistent with our finding of the
distribution of b-catenin protein in the feather follicle, they
found high TOPGAL activity in the hair shaft. Together,
these results suggest that the b-catenin/LEF pathway is
sed in at least two different stages during the maturation
f skin appendage stem cells, one close to the induction
tage of skin appendages and the other at the time of
eratinocyte differentiation.
Ectopic Expression of a b-Catenin Armadillo
Fragment Caused Different Epithelial Appendage
Outgrowths in Different Body Regions
Transgenic mice overexpressing b-catenin under the
egulation of a K14 promoter formed new hair follicles from
dult interfollicular epidermis and developed trichofollicu-
oma skin tumors (Gat et al., 1998). Transgenic mice
overexpressing LEF-1 from an AP1 promoter grew hairs
from oral gum regions (Zhou et al., 1995). Ectopic expres-
sion of b-catenin induced feather buds in apteric regions
and disrupted the normal patterning and orientation of
feather buds (Noramly et al., 1999). We misexpressed a
truncated armadillo fragment of b-catenin in different parts
of the chicken skin and also altered skin appendage mor-
phology. In the feather tract region where endogenous
b-catenin levels are high, we observed abnormally large
feather follicle formation. Many of these feathers were
enlarged, short, and curled and yet still formed some
normal-appearing barb ridges. In apteric regions where
endogenous b-catenin expression levels are low, we ob-
served the induction of new small feather buds that were
SHH positive (Fig. 5). Most dramatically, we observed the
induction of feathers from scale epidermis where endoge-
nous expression levels are also low (Fig. 6). These resultsCopyright © 2000 by Academic Press. All rightsuggest that increasing b-catenin levels lead to more com-
plex structure development. The fact that these newly
induced growths were feathers was verified by the following
criteria. (1) Gross morphology analyzed by light microscopy
and scanning EM (Figs. 5 and 6). (2) Histological features
characteristic of feathers: follicular structure, pulp, dermal
papilla, marginal plate epithelia, barb plate epithelia (Fig. 7).
(3) Molecular markers with distributions characteristic of
feathers, not of scales or general dermis: SHH, NCAM,
Tenascin-C (Figs. 5 and 8). (4) The developmental process of
the induced new growths paralleled that of feather buds
(Fig. 8).
Can we deduce a trend? We propose a very general
scheme by arranging epithelia phenotypes from simple to
complex in Fig. 9. We hypothesize that increasing b-catenin
pathway activity will move the epithelial phenotypes to the
next complexity level. This working scheme is consistent
with the findings of b-catenin/APC on various epithelial
morphogenesis including feather, hair, hair follicle tumors,
and colon polyps.
Possible Relationships of b-Catenin with Other
Pathways in Skin Appendage Morphogenesis
b-Catenin functions downstream of Wnt signaling mol-
ecules. While several Wnt genes have been mapped in the
FIG. 9. Schematic drawing showing the relationship between the
levels of b-catenin and epithelial appendages. There are different
levels of epithelial outgrowth. We propose that the activity of the
b-catenin pathway contributes to different degrees of epithelial
“activation” and hence different levels of epithelial outgrowth. The
activity of the b-catenin pathway can be regulated by many
odulators. In addition to Wnt and APC, in the chicken skin
odel we showed that FGF and BMP can also modulate the level of
b-catenin transcripts. The involvement of retinoic acid and the
Delta pathway in scale–feather transformation suggests that there
may be cross talk, whether directly or indirectly. RA, retinoic acid.s of reproduction in any form reserved.
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112 Widelitz et al.test their function. In the chicken, ectopic expression of
Wnt-1 and b-catenin directed the expression of dermamyo-
ome markers in the somite (Capdevila et al., 1998), sug-
esting that b-catenin mediates Wnt-1 signaling. Using in
situ hybridization we have demonstrated that Wnt-7a is an
early marker of feather buds with an expression pattern
partially similar to that of b-catenin mRNA (Widelitz et al.,
999). In our studies, ectopic Wnt-7a expression controlled
nterior–posterior axis formation in the feather and pro-
uced a phenotype different from that of ectopic b-catenin
xpression. However, this may be because Wnt-5a rather
han Wnt-7a is the major regulator of b-catenin/LEF-1-
ediated transcription as was found in chicken limb bud
evelopment (Kengaku et al., 1998). Wnt-11 was found in
he mesenchyme subjacent to the epithelium at stage 35/36
n feather buds but its function has not yet been studied
Tanda et al., 1995). In mice, Wnt-10b and LEF-1 were found
n the hair follicle epithelium prior to invagination and in
he hair matrix after invagination (St. Jacques et al., 1998).
Wnt-3a was expressed in mouse hair follicles. Ectopic
Wnt-3a expression produced shortened hairs with struc-
tural defects in the hair shaft (Millar et al., 1999). We have
preliminary studies showing that Wnt-5a and other Wnts
and frizzles are expressed during feather morphogenesis.
From these studies it is not clear which Wnt signaling
molecules might be exerting their effects through the
b-catenin pathway during skin morphogenesis. Their roles
and relationships with the b-catenin pathway will be stud-
ed in the near future.
In addition to regulation by the Wnt members, we also
ondered whether b-catenin transcripts could also be regu-
lated by known activators and inhibitors of feather morpho-
genesis, such as FGFs and BMPs. Whether the mechanisms
are direct or indirect, we showed that these molecules can
be involved in transforming a homogeneous expression
pattern into a periodic expression pattern (Jiang et al., 1999;
Fig. 3).
The observed phenotypic changes could result from in-
duced new growth or a homeotic change. Mutations in
b-catenin have been shown to be involved in colon cancer,
melanoma, and colon polyps (Korinek et al., 1997; Morin et
al., 1997; Rubinfeld et al., 1997). Since common mecha-
isms underlie epithelial appendage morphogenesis, in-
luding ectodermal appendages and endodermal appendages
Chuong, 1998), activation of the b-catenin pathway might
lead to new epithelial outgrowth in the gut as well as the
skin. b-Catenin interactions with LEFs/TCFs were found to
induce the expression of c-myc (He et al., 1998), and
expression of myc is associated with growth of feather buds
(Desbiens, 1992). Indeed, cell proliferation was increased in
b-catenin-overexpressing epidermis (Figs. 5E–5F9), particu-
arly in regions with epithelial invaginations (Figs. 7G and
H). Recently, increased expression of b-catenin was found
to increase the proliferative potential of cultured keratino-
cytes without affecting cell adhesion (Zhu and Watt, 1999).
This also led to keratinocyte transformation (Orford et al.,Copyright © 2000 by Academic Press. All rightb-catenin increases cell proliferation in the skin.
Scale–feather metaplasia can occur in nature and was
caused by retinoic acid (Dhouailly et al., 1980) and associ-
ated with changes in Hox expression (Kanzler et al., 1997).
Recently, suppression of the BMP pathway by a dominant
negative BMP receptor, 1B, caused feathers to grow out
from scutate scales (Zou and Niswander, 1996) while nog-
gin, a BMP antagonist, caused canine-molar homeotic
transformation in the tooth (Tucker et al., 1998). RCAS-
elta (Crowe and Niswander, 1998) also caused a similar
ffect. Why can so many molecular pathways cause scale–
eather transformation (Fig. 9)? Based on genetic studies, it
as suggested that there are genes expressed in the scales
hat suppress feather formation (Somes, 1990). The above
athways may interact and perturb this suppressive path-
ay. While the Hox code, the combination of Hox genes
xpressed in a given cell, may be involved in determining
egional specificity of skin (Chuong et al., 1992; Kanzler et
l., 1997), the mechanism appears to be much more com-
lex. The scale/feather model and the involvement of the
bove pathways at least provide a paradigm which can be
nalyzed further experimentally.
The above potential mechanisms, induced new growth,
nd homeotypic changes of skin appendages may not ex-
lude each other. Indeed the shape of an organ is molded by
ifferential regulation of cell proliferation, differentiation,
nd death, such as those seen in skeletal growth (Goff and
abin, 1997). The combined results here suggest that the
ctivity of the b-catenin pathway plays a key role in
odulating epithelial morphogenesis in vivo and can cause
abnormal epithelial histogenesis when this balance is per-
turbed.
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